Cellulases participate in a number of biological events, such as plant cell wall remodelling, nematode parasitism and microbial carbon uptake. Their ability to depolymerize crystalline cellulose is of great biotechnological interest for environmentally compatible production of fuels from lignocellulosic biomass. However, industrial use of cellulases is somewhat limited by both their low catalytic efficiency and stability. In the present study, we conducted a detailed functional and structural characterization of the thermostable BsCel5A (Bacillus subtilis cellulase 5A), which consists of a GH5 (glycoside hydrolase 5) catalytic domain fused to a CBM3 (family 3 carbohydrate-binding module). NMR structural analysis revealed that the Bacillus CBM3 represents a new subfamily, which lacks the classical calcium-binding motif, and variations in NMR frequencies in the presence of cellopentaose showed the importance of polar residues in the carbohydrate interaction. Together with the catalytic domain, the CBM3 forms a large planar surface for cellulose recognition, which conducts the substrate in a proper conformation to the active site and increases enzymatic efficiency. Notably, the manganese ion was demonstrated to have a hyper-stabilizing effect on BsCel5A, and by using deletion constructs and X-ray crystallography we determined that this effect maps to a negatively charged motif located at the opposite face of the catalytic site.
INTRODUCTION
The production of ethanol from lignocellulosic biomass is wellplaced among other possibilities to produce energy, owing to its potential sustainability and agro-economic benefits [1] . Different chemical and enzymatic strategies have been proposed for the saccharification of lignocellulosic biomass [2, 3] . The latter has been implemented at different organization levels, from point mutations of cellulolytic enzymes to the engineering of whole metabolic pathways in micro-organisms [4] . Furthermore, these two approaches have been employed synergistically to increase the yields of fermentable sugars from lignocellulosic biomass. Although enzymatic hydrolysis has been successfully implemented as a biomass-to-bioenergy technology, it is widely regarded as an expensive and wasteful link in the whole chain of bioethanol production, mainly because of the large amounts of enzymes required to compensate for their low catalytic efficiency and stability [5, 6] . Driven by this need, a number of enzymes with biological and commercial value have been systematically modified through structure-based rational approaches, or by intelligent use of serendipity [7] [8] [9] . In spite of these efforts, the molecular basis of protein stability and its intricate correlation with catalysis is still elusive, putting a premium on studies that address structure-function-stability relationships and the discovery of new alternative pathways to improve thermal stability of the enzymes.
Endo-β-1,4-glucanases (EC 3.2.1.4), also referred to as endoglucanases, are the major enzymes responsible for the breakdown of internal glycosidic bonds of cellulose chains. Several endoglucanases from different Bacillus subtilis strains (BsEgls) have been cloned and characterized, aiming at their potential applications in the biofuels industry [10] [11] [12] [13] [14] [15] [16] [17] . BsEgls encompass a catalytic domain belonging to family 5A, containing a CBM3 (family 3 carbohydrate-binding module) appended to their C-terminus. BsEgls show maximum activity at approximately pH 6 and 60
• C [10, 14] and are capable of hydrolysing CMC (carboxymethylcellulose) and lichenan, but not xylan, chitosan or laminarin [10, 18] . Typically, BsEgls are thermostable enzymes, retaining 90 % of activity after incubation for 2 h at 65
• C, 70 % after 30 min at 75
• C, and 12 % after 10 min at 80
• C [11, 13, 14] . It has been proposed that the non-catalytic domain of BsEgls is important to bind insoluble substrates [13] , increasing the catalytic efficiency by a mechanism that involves the disruption of the compact cellulose structure and delivering of the substrate to the CC (catalytic core) in a favoured configuration for catalysis [19] [20] [21] . As it is often the case with GHs (glycoside hydrolases), deletion of the accessory domain decreases the thermal stability Abbreviations used: BsCel5A, Bacillus subtilis cellulase 5A; CBM, carbohydrate-binding module; BsEgl, Bacillus subtilis endoglucanase; CC, catalytic core; CMC, carboxymethylcellulose; CtCipACBM, Clostridium thermocellum CBM3; GH, glycoside hydrolase; HSQC, heteronuclear single-quantum coherence; NOE, nuclear Overhauser effect; NOESY, nuclear Overhauser enhancement spectroscopy; PEG, poly(ethylene glycol); SAXS, small-angle X-ray scattering; T m , melting temperature; TmCel5A, Thermotoga maritima Cel5A; WT, wild-type. 1 These authors contributed equally to this work. 2 To whom correspondence should be addressed (email mario.murakami@lnbio.org.br). Structural factors and atomic co-ordinates of the Bacillus subtilis cellulase 5A catalytic core have been deposited in the Protein Data Bank under accession codes 3PZV (Form I), 3PZU (Form II) and 3PZT (Form II*). NMR data of the Bacillus subtilis cellulase 5A CBM3 were deposited in the Biological Magnetic Resonance Bank and Protein Data Bank under codes 17399 and 2L8A respectively. of the catalytic domain [22] [23] [24] [25] [26] [27] [28] [29] [30] ; however, in BsEgls it has a contrary effect, by increasing enzyme stability [13] . Interestingly, the thermal stability conferred by a CBM to its parental protein is not transferred when it is recombinantly fused to a new CC, suggesting a complex molecular modulation and co-evolution of both modules [25, [31] [32] [33] [34] . In addition, experimental and in silico studies regarding the influence of the linker region [35] and domain-domain interactions [26, 29] in the thermal stability of GHs are inadequate. Thus, in spite of extensive functional and structural studies of CBMs, the consequences of the fusion of a given CBM to a specific GH are as yet unpredictable [22, 24, 36, 37] .
In the present study we have described in detail the role exerted by the accessory domain in the operation and stability of BsEgls. Furthermore, by studying the specific nature of BsEgl thermal stability, we uncovered a novel stabilization mechanism based on metal ion co-ordination. This in-depth understanding of the modulation of the function and stability of BsEgls at a molecular level is a required step towards its optimization and use in biotechnological processes.
MATERIALS AND METHODS

Cloning, expression and purification
Three constructions of BsCel5A (B. subtilis cellulase 5A) were amplified by PCR using B. subtilis 168 genomic DNA and specific oligonucleotides [5 - GCTAGCGCAGCAGGGACAAAAACG-3  and 5 -GGATCCTTAGGTGCCGAGAATGTTTTCTC-3 for CC;  5 -GCTAGCATTTCTGTACAGTACAGAGCA-3 and 5 -GGA-TCCCTAATTTGGTTCTGTTCCC-3 for CBM3; and 5 -GCT-AGCGCAGCAGGGACAAAAACG-3 and 5 -GGATCCCTAA-TTTGGTTCTGTTCCC-3 for the WT (wild-type) protein]. The amplified sequences were cloned into pGEM-T Easy vector (Promega) and further subcloned into the pET28a expression vector using the restriction sites present in the oligonucleotides (underlined sequences). The proteins were expressed in BL21(DE3)slyD − cells at 37 • C for 4 h after induction with 0.5 mM IPTG (isopropyl β-D-thiogalactopyranoside) in LuriaBertani broth. For NMR experiments, the BL21(DE3)slyD − cells transformed with pET28a-CBM3 plasmid were grown in M9 minimal medium supplemented with 2 g/l [
13 C]glucose and 1 g/l [
15 N]ammonium chloride [38] using the same conditions described above. The harvested cells were resuspended in lysis buffer (50 mM sodium phosphate, pH 7.2, 100 mM NaCl, 1 mM PMSF and 5 mM benzamidine) and disrupted by lysozyme treatment (80 μg/ml, 30 min, on ice), followed by sonication (10 pulses of 10 s onice using a Vibracell VCX 500, Sonics & Materials). The solutions were centrifuged at 10 000 g for 30 min and the supernatants were loaded on to nickel-charged 5 ml HiTrap Chelating columns (GE Healthcare) using a flow rate of 1 ml/min. The proteins were eluted using a non-linear gradient of 0-500 mM imidazole. For WT construction, an anionic-exchange chromatography using a 5 ml HiTrap SP HP column (GE Healthcare), a flow rate of 1 ml/min and a non-linear gradient of 0-1 M NaCl was used to improve sample purity. All constructions were concentrated further using Ultrafree-CL (Millipore) and submitted to size-exclusion chromatography using a Superdex 75 16/60 column (GE Healthcare) and a flow rate of 0.5 ml/min. All chromatographic steps were performed using anÄKTA FPLC system (GE Healthcare). Sample homogeneity was confirmed by SDS/PAGE under denaturing conditions [39] . Protein concentration was estimated by absorbance at 280 nm using molar extinction coefficients derived from the sequence of the constructs.
Enzymatic characterization and optimization of endo-β-1,4-glucanase activity
The standard enzymatic assays for evaluation of CC and WT constructs were performed in triplicate using different substrates at 0.25 % and 100 ng of enzyme in 50 mM citratephosphate buffer, pH 6.0. The mixture was incubated at 60
• C for 60 min to determine activity in a set of 12 polysaccharides including β-glucan, CMC, larch arabinogalactan, laminarin, galactomannan, xyloglucan, debranched arabinan, 1,4-β-Dmannan, rye arabinoxylan, xylan from beechwood, pectin and lichenan (purchased from Megazyme and Sigma-Aldrich). The enzymatic activity was determined by the amount of reducing sugar liberated from different polysaccharides using the DNS (3,5-dinitrosalicylic acid) method [40] . One unit of endoglucanase activity was defined as the quantity of enzyme to release 1 μmol of reducing sugars per min under standard conditions. A response surface methodology was performed to optimize the reaction conditions for both CC and WT constructs of BsCel5A in the absence or presence of manganese ion (10 mM). The variables analysed in the present study were the pH together with the temperature. A central composite design (k = 2) with four central points and a total of 12 experiments was considered for optimization of these variables. Details concerning the statistical approaches for these experiments have been described by Myers and Montgomery [41] . The regression and graphical analysis of the data were performed using the software Statistica TM version 8.0, considering a P value of 0.05 as significant. The significance of the regression coefficients was given by Student's t test. The second-order model equation was determined by Fisher's test and the multiple coefficient of determination (R 2 ) gave the variance explained by the model. All glucanase activity assays were carried out in triplicate using 10 μl of enzyme (100 ng), 40 μl of 0.1 M citrate-phosphate buffer and 50 μl of β-glucan (stock 0.5 % in water). The enzymatic reaction was performed at different pH values in the citrate-phosphate buffer system and various temperatures as indicated in Supplementary Table S1 (at http://www.BiochemJ.org/bj/441/bj4410095add.htm). Metal ions, chelating agent (EDTA), surfactants (SDS and Triton X-100) and organic solvents (methanol, ethanol and DMSO) were added to the enzyme assay to test their effects on activity. Control experiments using a citrate-free buffer were carried out, and the results were statistically identical with those obtained in the citrate buffer, indicating no chelating effect of the citrate over the manganese ion under the tested conditions. The kinetic study was performed with β-glucan as substrate at 60
• C and pH 6.0 according to the method described above. The kinetic parameters k cat and K m were determined by a non-linear regression fit of the saturation curves using the Michaelis-Menten equation.
CD spectroscopy and thermal unfolding studies
Far-UV CD spectra (190-260 nm) were recorded on a Jasco J-810 spectropolarimeter (Jasco International Co.) coupled to a Peltier temperature controller using a 1 mm quartz cuvette. Proteins were used at a concentration of 10 μM. Data collection parameters were set to scan rate of 50 nm/min, response time of 4 s, sensitivity of 100 mdeg, accumulation of 10, heating rate of 1
• C/min and delay time for spectrum collection of 60 s. Results were expressed as mean residue ellipticity (deg · cm 2 · dmol − 1 · residue − 1 ). All thermal unfolding experiments were monitored at 222 nm, except for the CBM3 construct, which was monitored at 230 nm.
SAXS (small-angle X-ray scattering)
SAXS data for CC, CBM3 and WT constructs were collected using a 165 mm MarCCD detector at the D02A/SAXS2 beamline (Brazilian Synchrotron Light Laboratory, Campinas, Brazil). The radiation wavelength was set to 1.48 Å (1 Å = 0.1 nm) and the sample-to-detector distance was set to 1559.1 mm to give a scattering vector range from 0.1 nm − 1 to 2.3 nm − 1 (q = 4*π*sinθ /λ, where 2θ is the scattering angle). The samples at 2, 4 or 8 mg/ml, in 150 mM NaCl and 20 mM Tris/HCl, pH 7.5, were centrifuged for 10 min at 20 000 g (4
• C) and then filtered to remove any aggregates. Measurements were carried out at room temperature (∼ 23
• C). Buffer scattering was recorded and subtracted from the corresponding sample scattering. The integration of SAXS patterns was performed using Fit2D software [42] and the curves were scaled by protein concentration. Data analysis was performed using the GNOM program [43] . Low-resolution envelopes of each construction were calculated from the experimental SAXS data using an ab initio procedure implemented in the DAMMIN program [44] . Averaged models were generated from 10 runs using the DAMAVER package [45] . SAXS envelopes and NMR or XTAL structures were superimposed using the SUPCOMB 2.0 program [46] . BUNCH software [47] , which employs rigid body model and simulated annealing routines, was used to find the best relative positions of NMR and XTAL structures in relation to the SAXS envelope. The CRYSOL program [48] was used to calculate the scattering curve from high-resolution structures, including the WT model obtained from BUNCH.
NMR spectroscopy
NMR experiments were performed using a Varian Inova spectrometer at the National Biosciences Laboratory (LNBio/CNPEM), operating at a 1 H Larmor frequency of 599.887 MHz and temperature of 20
• C. For these experiments, the spectrometer was equipped with a triple resonance cryogenic probe and a Z pulse-field gradient unit. The 15 N-13 C-labelled CBM sample was dissolved in 20 mM phosphate buffer, pH 7.2, containing 50 mM NaCl and 5 % (v/v) 2 H 2 O, at a final concentration of approximately 0.3 mM. Water suppression was achieved by low-power continuous wave irradiation over the relaxation delay or using the WATERGATE method [49] . All data were processed using NMRPipe and NMRVIEW software [50, 51] . Prior to Fourier transformation, the time domain data were zero-filled in all dimensions. When necessary, a fifth-order polynomial baseline correction was applied after transformation and phasing. To obtain distance constraints, cross-peak volumes were estimated from NOESY (nuclear Overhauser enhancement spectroscopy). Protein backbone resonance peaks were assigned using 1 H-15 N-HSQC (heteronuclear single-quantum coherence) and standard triple resonance experiments, including HNCACB, CBCACONH, HNCO and HNCACO [52] of the 15 N-13 C-labelled CBM3 sample. All spectra for resonance assignment were recorded by setting up a resolution of 2048×128×96 points and spectral window of 8.00 kHz, 12.07 kHz and 1.95 kHz for 1 H, 13 C and 15 N respectively. In order to assign the side chain resonances, the 15 N-13 C-labelled CBM sample was freeze-dried and dissolved in 100 % 2 H 2 O, followed by acquisition of HCCH-TOCSY, hCCH-TOCSY spectra. NOE (nuclear Overhauser effect)-derived distance restraints were obtained from the 15 N-HSQC-NOESY and 13 C-HSQC-NOESY (separately optimized for aliphatics and aromatics), both collected with 80 ms mixing time. The CBM3 structure was calculated in a semi-automated iterative manner with the CYANA program (version 2.1) [53] , using 100 starting conformers. The CYANA 2.1 protocol was applied to calibrate and assign NOE cross-peaks. After the first few rounds of automatic calculations, the NOESY spectra were analysed again to identify additional cross-peaks consistent with the structural model and to correct misidentified NOEs. The structures obtained were further refined by restrained minimization and molecular dynamic studies using the CNS software [54] . The 20 structures with the lowest target function were selected to represent the ensemble of protein structures. The quality of the structures was analysed with PROCHECK-NMR [55] . The summary of NMR data is presented in Supplementary Table S2 (at http://www.BiochemJ.org/bj/441/bj4410095add.htm).
Proton/deuterium exchange
Proton/deuterium exchange measurements were carried out with the 15 N-13 C-labelled CBM3 sample dissolved in 100 % 2 H 2 O. In order to monitor the intensity loss of labile protons, a series of 1 H-15 N-HSQC spectra were collected first at 15 min (time required to dissolve the protein and perform the first experiment) and subsequently at 40 min time intervals over two days. Additionally, a last spectrum was collected 10 days after the protein dissolution.
X-ray crystallography
The highly purified CC sample was concentrated to 75 mg/ml and its buffer was exchanged to water by ultrafiltration using Vivaspin6 centrifugal filters (GE Healthcare). Crystallization experiments were performed by the vapour diffusion method using a HoneyBee 963 robot (Genomic Solutions). Sitting drops were prepared by mixing 0.5 μl of the protein solution with an equal volume of mother liquor and equilibrated against 80 μl of the reservoir solution at 18
• C. Formulations based on the following commercial crystallization kits were tested: SaltRX, Crystal Screen, Crystal Screen 2 (Hampton Research), Precipitant Synergy, Wizard I and II (Emerald BioSystems), PACT and JCSG + (Qiagen/Nextal), with a total of 544 solutions. Large crystals grew within 45 days in the following conditions: 100 mM Bis-Tris-propane pH 6.5, 20 % (w/v) PEG [poly(ethylene glycol)] 3350 and 200 mM sodium nitrate (form I); 100 mM SPG (succinic acid, sodium dihydrogen phosphate monohydrate, glycine) pH 6.0 and 25 % (w/v) PEG 1500 (form II). Crystals were transferred to new drops containing the mother liquor and 20 % (v/v) glycerol for cryoprotection and then flash-cooled in a 100 K nitrogen gas stream. In order to obtain an ion-protein complex, crystals belonging to form II were soaked for 3 min in a cryoprotectant solution containing 50 mM of manganese chloride. X-ray diffraction data were collected on the W01B-MX2 beamline at the Brazilian Synchrotron Light Laboratory (Campinas, Brazil). The wavelength used was 1.4586 Å and the intensities were recorded in a Mar Mosaic 225 mm CCD (charged-coupleddevice) detector. Data were indexed, integrated and scaled using the HKL2000 package [56] . The structure of the crystal form II* was solved by the molecular replacement method using the MOLREP program [57] and the atomic co-ordinates of Cel5A from Bacillus agaradhaerens (PDB code 7A3H), which shares 70 % identity with the catalytic domain of BsCel5A as the search model. Initial cycles of refinement involved a restrained and overall B-factor refinement in the REFMAC5 program [58] using automatic weighting between X-ray and geometry terms. After each cycle of refinement, the model was inspected and manually adjusted into the (2F o − F c ) and (F o − F c ) electron density maps using the COOT program [59] . Solvent molecules were manually added at positive peaks above 3.0 σ in the difference Fourier maps, taking into consideration hydrogen bonding potential. This structure was extensively refined and then used as the search model for solving other crystalline forms.
Accession numbers
Structure factors and atomic co-ordinates of the BsCel5A CC were deposited in the PDB under accession codes 3PZV (Form I), 3PZU (Form II) and 3PZT (Form II*). NMR data of the BsCel5A CBM3 were deposited in the Biological Magnetic Resonance Bank and PDB under codes 17399 and 2L8A respectively.
RESULTS AND DISCUSSION
Accessory domain enhances catalytic efficiency
The WT protein and its truncated domains were expressed in Escherichia coli cells and purified by nickel-affinity and sizeexclusion chromatographies (see Supplementary Figure S1 at http://www.BiochemJ.org/bj/441/bj4410095add.htm). Biochemical characterization showed that the CBM3 deletion does not alter the substrate specificity (see Supplementary Figure  S2 at http://www.BiochemJ.org/bj/441/bj4410095add.htm) and optimal conditions for catalysis (see Supplementary Figure S3 at http://www.BiochemJ.org/bj/441/bj4410095add.htm). Despite the fact that the physiological substrate of BsCel5A is cellulose, we have used soluble substrates in kinetic studies owing to the very slow rate of hydrolysis of insoluble substrates, such as Avicel ® (results not shown). In addition, it has been shown that BsCel5A is only able to bind Avicel ® when CBM3 is appended to its C-terminus [13] . The kinetics study showed that CBM3 increased BsCel5A affinity to the substrate owing to a reduced K m , but the enzyme turnover (V max ) is reduced (Table 1) . However, the reduction in K m largely compensates for the lower V max and, as a result, CBM3 enhances catalytic efficiency (k cat /K m ) ( Table 1) . We determined that BsCel5A displays an extended substrate binding surface owing to the strategically three-dimensional arrangement of CBM3 in relation to CC (see details below), which favours additional protein-carbohydrate interactions. These additional interactions are reflected in a higher substrate affinity and may also explain the lower turnover of the WT enzyme (V max ).
Deletion of the accessory domain reduces enzyme stability
The thermal stability of the BsCel5A constructions was assessed by unfolding studies using CD spectroscopy ( Figure 1 ). As expected, CD spectra of CC and CBM3 displayed characteristic profiles of α/β and all-β proteins respectively ( Figure 1A) . It is worth noting that BsCel5A and its truncated forms showed a single structural transition in the thermal unfolding experiments (Figure 1B) , despite the fact that BsCel5A is a two-domain protein and therefore two transitions corresponding to each domain were expected. Perhaps the 23-residue-long linker and inter-domain contacts drive the thermal denaturation to a single-transition process. Interestingly, unfolding studies revealed that deletion of the accessory domain increases the thermal stability from 64 to 78
• C (T m , melting temperature). The reduced thermal stability of the WT protein is probably influenced by the significantly lower stability of CBM3 (T m = 59
• C) in relation to the parental catalytic domain (T m = 78
• C). As shown by NMR structural studies, the lower stability of BsCel5ACBM is explained by the absence of a structural calcium ion. Moreover, deletion of CBM3 promotes exposure of polar residues at the CC surface, which becomes favourably hydrated, thus increasing stability [60] .
Both biochemical and biophysical studies clearly indicate the importance of CBM3 in the regulation of overall BsCel5A function, in spite of its apparent negative effect on stability.
Bacillus CBM3 is a member of a novel calcium-independent subfamily
To gain insights into the structural determinants of the stability of Bacillus CBM3, we performed a NMR study. The 1 H-15 N-HSQC spectrum of CBM3 showed high-quality signal dispersion (see Supplementary Figure S4 at http://www.BiochemJ.org/ bj/441/bj4410095add.htm), indicating a well-folded protein. The most common classification, based on sequence similarities, defines BsCel5A CBM3 as a member of the CBM3 family (http://www.cazy.org/Carbohydrate-Binding-Modules.html). So far, five members of CBM3 have been solved, sharing from 13 to 36 % of identity with the BsCel5A CBM3. BsCel5A CBM3 folds into a β-sandwich, a common scaffold for CBMs, encompassing a core formed by two β-sheets of four and five β-strands, and one short α-helix at the C-terminal region (Figure 2A ). Structural comparisons showed that the β-sandwich core is conserved among CBMs, but the surface loops are different in both composition and conformation ( Figure 2B) . Canonically, the CBM3 members with solved structures have a highly conserved calcium-binding site, which is not present in the BsCel5A CBM3 structure (Figures 2B and 2C) . A search for sequences sharing similarity with BsCel5A CBM3 in GenBank ® resulted in a set of CBMs that do not have the structural requirements for calcium binding (see Supplementary Figure S5 at http://www.BiochemJ.org/bj/441/bj4410095add.htm). Interestingly, all of these CBMs are from Bacillus spp., suggesting that the ancestor of this bacterium genus has lost the CBM3 calciumbinding site during evolution.
Therefore, we propose a new classification of CBM3 into two groups: the calcium-binding proteins, which include the already defined subfamilies CBM3a, CBM3b, CBM3b' and CBM3c; and the calcium-independent proteins, termed in the present study as the CBM3d subfamily, with BsCel5A CBM3 being its first structurally characterized member. The classification of CBM3s in a, b and c refers to the type of substrate that is preferentially recognized by the CBM [61] . The a and b groups bind crystalline cellulose; a is specific for cellulosomal-scaffolding proteins and b is found in soluble cellulases. Previously, it was shown that certain CBM3b members bind neither crystalline nor soluble cellulose and hence, they were collectively designated as CBM3b' [62] . The c group binds single-chain cellulose and is found in cellulosomal cellulases. The new CBM3d subfamily is closely related to the CBM3a subfamily, owing to its substrate preference; however, it lacks the calcium-binding site, which seems to play a structural role. Indeed, our biophysical studies showed that the Bacillus CBM3 is less stable than its parental protein, which can be attributed to the lack of structural calcium. It is worth mentioning that there is another classification of CBMs taking into account both structural and functional similarities, which assorts these modules in types A, B and C [19] . The type A binds crystalline cellulose and chitin through a flat surface, type B binds a single-chain polysaccharide via an extended groove or cleft, and type C binds mono-, di-or tri-saccharides. In this classification, the BsCel5A CBM3 is considered a type A member, owing to its ability to bind crystalline cellulose [13] and higher structural similarity with type A (PDB code 1NBC) than other type B (PDB code 1J84) or type C (PDB code 1I82) CBMs.
Polar residues play a pivotal role in oligosaccharide recognition by CBM3d
The molecular surface of CBMs has been associated with the type of substrate that they can bind, e.g. CBM3a presents a very flat surface compatible with its target, crystalline cellulose. Despite the fact that BsCel5A binds crystalline cellulose and the binding occurs only when the CBM3 is present [13] , the Bacillus CBM3 surface is not as flat as those of CBM3a members (Figure 3 ). This unexpected surface topology of BsCel5A CBM3 can be attributed to the absence of the CBM3a β4 strand (Figure 3 ) and to the inherent flexibility of its surface loops, as assessed by hydrogen-deuterium exchange (see Supplementary Figure S6 at http://www.BiochemJ.org/bj/441/ bj4410095add.htm) and NMR relaxation experiments (results not shown). On the basis of these dynamics studies, we suggest that the BsCel5A CBM3 can undergo conformational changes, adapting its topology for cellulose recognition and binding. Moreover, the exact protein-carbohydrate interactions are not known, since sugar-complex structures of a CBM3a or even a type A CBM are not available. Thus, in order to map the residues involved in the recognition of cellulose, we analysed variations in NMR frequencies of BsCel5A CBM3 in the presence of cellopentaose. The major perturbations in chemical shifts occurred in Asn 463 and Arg 455 , and minor changes were observed in Gln 369 , Gln 453 and Asp 407 ( Figure 2D and Supplementary Figure  S7 at http://www.BiochemJ.org/bj/441/bj4410095add.htm). The residues Arg 455 , Gln 369 , Gln 453 and Asp 407 are conserved in CtCipACBM (Clostridium thermocellum CBM3, PDB code 1NBC), a well-characterized type A CBM [63] . Tyr 408 is also conserved, but it is not affected by the presence of cellopentaose, perhaps owing to the short length of this oligosaccharide.
The molecular recognition and affinity towards carbohydrates is typically achieved by van der Waals interactions arising from stacking of aromatic residues with the furanose/pyranose rings and by hydrogen bonds between polar groups of saccharides and amino acid side chains. The mapped interactions of the BsCel5A CBM3 with cellopentaose revealed that the carbohydrate-binding The CBM3s from CipA (CBM3a, PDB code 1NBC), E4 (CBM3c, PDB code 4TF4) and Cel9V (CBM3b', PDB code 2WOB) were superposed on the CBM3d structure and are shown as cartoon representations (left-hand panel). The main differences at the carbohydrate-binding face were coloured in green (CBM3d), orange (CBM3a), cyan (CBM3c) and pink (CBM3b'). The molecular surfaces of CBM3a, b', c and d are shown as side (middle panels) and frontal (right-hand panels) views following the colours above.
face is rich in charged and polar residues, such as glutamine, arginine, aspartate, lysine and asparagine. The only aromatic residue on this face is Tyr 408 , whereas a set of aromatic residues is buried in the β-sandwich core making hydrophobic contacts. These findings indicate that the interactions of BsCel5A CBM3 with cellulose are mainly by polar side chains. Moreover, we suggest that these polar residues may not only work on the carbohydrate affinity/recognition, but could specifically replace inter-chain hydrogen bonds, acting to disrupt the tight cellulose structure [63] . Therefore it may result in the local separation of cellulose single chains to be delivered to the CC, thus contributing to a higher catalytic efficiency. Figure S8 at http://www.BiochemJ. org/bj/441/bj4410095add.htm). Both CC and CBM3 were nicely fitted into the corresponding envelopes ( Figure 4A) . The good quality of SAXS data allowed us to observe the active-site cavity in the CC. The averaged low-resolution model of the WT protein calculated from 20 independent ab initio models gives a good notion of the three-dimensional arrangement of the accessory domain with respect to its parental catalytic domain ( Figure 4B ). The molecular envelope reveals a large continuous planar surface, which has been considered essential for crystalline cellulose binding. The atomic co-ordinates of both domains were fitted into the SAXS model of the WT protein, which showed that this planar surface is formed by the active-site interface of the CC in line with the cellulose recognition face of CBM3. This model is in full agreement with the substrate-recognition face mapped by NMR and with the crystallographic structures of the multidomain endoglucanase from Clostridium cellulolyticum (Cel9G) and cellulase E4 from Thermobifida fusca ( Figure 4C ).
Manganese metal ion hyper-stabilizes the CC of BsCel5A
Divalent ions are well-known cofactors of enzymes, either activating their catalytic machinery or having a structural role.
In the present study we tested the effect of different divalent ions, including improved the thermal stability of BsCel5A, by elevation of the T m by 23
• C, from 64 to 87 • C ( Figure 1B ). This result indicates that Cel5As (family 5A cellulases) display a very specific motif for recognition of manganese ions. Thus, in order to map the domains involved in the manganese ion interactions, truncated forms of the protein were analysed. As shown in Figure 1(B) , the CC had its thermal stability improved by the Mn 2 + ion, whereas that of CBM remained unaltered, mapping the specific interactions of the Mn 2 + ion with the CC.
Structural basis for BsCel5A stabilization by manganese ion
In order to identify the manganese-binding site and to delineate the structural basis for the enhanced thermal stability of BsCel5A by this ion, we undertook an X-ray crystallographic study. BsCel5A CC crystallized in two different crystalline forms (form I and form II), which diffracted up to 2.90 Å and 2.10 Å respectively. However, only the crystal form II was successfully soaked with manganese ions (Table 3) . Crystals belonging to form I display a very particular crystallographic symmetry in which the manganese-binding site is concealed by an aspartate residue of the neighbouring molecule ( Figure 5D ), which prevented ion incorporation by soaking methods.
The BsCel5A CC structure encompasses a classical (β/α) 8 barrel fold ( Figure 5A ), with the active site located at the crevice formed by the C-terminal ends of β-strands. The catalytic machinery involves two acid residues, Glu 229 Figure 5B ). From homology with other GH5 cellulases, Glu 169 is expected to be the proton donor, which protonates the glycosidic bond and catalyses the bond fission, and the Glu 257 is the nucleophile, which facilitates the reaction by stabilizing the resulting carbonium ion intermediate. Several studies demonstrated the key role of a histidine residue in the protonation of the acid/base glutamate residue, which is controlled by a catalytic triad, similar to the serine proteases [64] . In this scheme, a third element, which could be a serine/threonine residue, an aspartate residue or a water molecule, would protonate the histidine, permitting a classification of the glycosyl hydrolases according to this histidine proton donor [64] . BsCel5A contains a threonine residue in the equivalent position, which allows classification as type A catalytic triad. Cel5As from Thermotoga maritima and C. thermocellum have a water molecule in the corresponding position and are classified as type C enzymes (see Supplementary Figure S9 at http://www.BiochemJ. org/bj/441/bj4410095add.htm). Water-dependent catalytic machineries are labile at alkaline conditions, since the water molecule deprotonates at high pH, disrupting the hydrogen network required for catalysis. On the other hand, enzymes with the type A catalytic triad would remain active even in basic conditions, which is advantageous for biotechnological purposes.
In the manganese complex structure, the ion is located at the opposite face of the active site, near to the lid-like β-hairpin ( Figure 5C ), and is hexa-co-ordinated by the two negatively charged residues Asp 195 and Asp 197 , the polar Asn 198 , the carbonyl oxygen from Gly 157 and two water molecules ( Figure 5D ). The strategic location of the manganese-binding site permits simultaneous water-mediated interactions between the Nterminus and distant regions of the protein, increasing the overall structural rigidity and consequently a notable gain in the protein stability. Comparison between forms II (without manganese ion) and II* (with manganese ion) showed that the ion only substituted a water molecule in the highly negatively charged aperture without affecting either the cleft architecture or the conformational states of catalytically relevant residues. This result also suggests that the region comprising the lid-like β-hairpin, which is subsequent to the N-terminal end, can be a strategic motif that could be engineered with the aim of improving protein stability. Indeed, in the analogous hyperthermostable TmCel5A (T. maritima Cel5A) [65] , the β-hairpin is replaced by an α-helical element, which enables additional polar contacts, supporting the fact that the stabilization of this region may implicate a higher overall stability.
The effect of the manganese ion on kinetics and specificity of BsCel5A
Our biochemical data showed that the presence of Mn 2 + ions prolonged the lifetime of the enzyme at high temperatures (90
• C) (see Supplementary Figure S10 at http://www.BiochemJ. org/bj/441/bj4410095add.htm) without interfering with the optimal conditions (pH and temperature) for activity (see Supplementary Figure S3 ). Although it was expected that the gain in thermal stability by Mn 2 + ions could produce higher relative activities at high temperatures, both univariate (Supplementary Figure  S11 at http://www.BiochemJ.org/bj/441/bj4410095add.htm) and response surface (Supplementary Figure S3) experiments indicated no alteration in the temperature-dependent activity profile. This native-like behaviour of BsCel5A could be related to the unaltered configuration of the active site, since the ion binds to a remote site, ∼ 30 Å away from the active-site cleft. In terms of protein dynamics, we suggest that, although the ion stabilizes the structural framework of the enzyme, the catalytic machinery remains susceptible to temperature-induced changes.
As expected, the presence of Mn 2 + ions did not modify substrate preference, but it slightly reduced the total activity by approximately 30 % (Supplementary Figure S2) . This partial inhibition was initially attributed to a possible secondary binding site involving the catalytic glutamate residues, since the manganese-binding site is sterically and electrostatically similar to the active-site pocket, and in the crystal structure of TmCel5A, a divalent (cadmium) ion was found interacting with the catalytic glutamate residues [66] . However, kinetic experiments showed that the Mn 2 + ion did not interfere with the substrate binding (K m ) ( Table 2) , thus discarding the possibility of an inhibitory effect by a competitive mechanism. In fact, only V max was decreased by the presence of Mn 2 + ions, which reflected as a lower enzymatic efficiency ( Table 2 ). It could be a consequence of the higher overall molecular rigidity, which prevents the conformational changes required for optimal catalysis. This hypothesis is supported by previous studies that described the pivotal role of ligand-induced conformational alterations in the catalytic activity of family 5A cellulases [66] .
As Figure S12 at http://www.BiochemJ.org/bj/441/bj4410095add.htm). Briefly, none of the additives increased the enzymatic activity; Fe 3 + and Cu 2 + almost abolished the activity; methanol and ethanol did not reduced the enzymatic activity at concentrations up to 10 %; and SDS caused a decrease of 30 % in enzymatic activity.
Biotechnological implications
Modern biotechnology lies at the interface between basic and applied science, and continuously demands novel enzymes with improved catalytic efficiency and stability under extreme and nonnatural conditions. Cellulases have many industrial applications, including food processing, finishing of textiles and generation of cellulosic bioethanol, one of the sustainable energy sources. These industrial processes require cellulolytic activity under a broad range of pH, temperature and ionic strengths. In this context, the understanding of enzymes at a molecular level and the mechanisms to improve their stability and to modify their catalytic efficiency and specificity is essential for rational protein design aiming to ameliorate their use in biotechnological processes.
In the present study, we investigated the role of the accessory domain in the stability and function of family 5 cellulases, and a novel mechanism for thermal stabilization was proposed. Our results showed that Bacillus CBM3 represents a novel subfamily, which lacks the calcium-binding site and its binding to carbohydrate is mediated by polar contacts. Moreover, Bacillus CBM3 decreases the overall enzyme stability, which can be attributed to the lack of the structural calcium ion, but on the other hand it improves the catalytic efficiency. The discovery of a specific manganese-binding site that is conserved among 5A cellulases suggests a novel approach for thermal stability enhancement without enzyme engineering. 1 These authors contributed equally to this work. 2 To whom correspondence should be addressed (email mario.murakami@lnbio.org.br).
SUPPLEMENTARY ONLINE
Structural factors and atomic co-ordinates of the Bacillus subtilis cellulase 5A catalytic core have been deposited in the Protein Data Bank under accession codes 3PZV (Form I), 3PZU (Form II) and 3PZT (Form II*). NMR data of the Bacillus subtilis cellulase 5A CBM3 were deposited in the Biological Magnetic Resonance Bank and Protein Data Bank under codes 17399 and 2L8A respectively. The residues that interact with the calcium ion by side-chain or main-chain atoms are highlighted in green or cyan respectively. The residue conserved in all CBM3 subclasses is in yellow and those conserved only in CBM3d members are in red. The numbers at the top correspond to the BsCel5A numbering and the numbers at the bottom correspond to the 1NBC numbering. Table S1 Central composite design matrix (2 2 ) and glucanase activity after 10 min of incubation Coded levels (X 1 = pH; X 2 = T ) Actual levels (X 1 = pH; X 2 = T ) 
